











VTT: 2009 (VTT Research Notes 2493) and 2013 (VTT Technology T75). These
reports presented summaries of selected, recently finished studies. In addition, IEA
Wind Task 25 developed guidelines on the recommended methodologies when esti-
mating the system impacts and costs of wind power integration; this was published in
2013 as RP16 of IEA Wind. All of these reports are available on the IEA Wind Task 25
website: http://www.ieawind.org/task 25.html#.

This report summarises the results of the third three-year phase. The work contin-
ues with a fourth three-year period (2015-2017).

Sintef would like to acknowledge the NOWITECH research centre for financially
supporting our participation in the IEA Task25 activities.

June 2016, Authors



Contents

PrEIACE ... it 3
(I o = To] £ 01770 0 K= PP PPPPPPPPPP 7
EXECULIVE SUMMEAIY ...oiiiiiiiiiiiiiiiiiiiiieeee ettt a e e e e e e e e e e e e e 8
Lo INEFOTUCTION .ttt e e e e e 13
2. Theinputs: variability and uncertainty of power system wide wind power 18

b RV T4 =1 o111 Y2 PP PPPPPPPPPPPP 18
2.1.1 Caveatsin measured and modelled data ..............cccvvvvveeeiiniinnnnn. 19
2.1.2 Variability and smoothing impact of wind power covering large areas

20
2.1.3 Wind and solar variability..............ooooeeeiiniiiiie e 23
2.1.4 Extreme ramps from wind power production............ccceeveeeiiiiiniennn. 24

2.2 Forecast accuracy of system wide Wind POWEr............ccccccviiiiiiiiiiiinnnnnnnn. 29

Planning grid @0@QUACY .......cceeviiiiiiiiiiiiiiiiiiieee e 34

3.1 Wind power impacts on transmission planning............cccccccciiiiniiiniinnnnnn. 34
3.1.1 National StUAIES ......cooviiiiiiiiieeeiiiee e

3.2 European offShore gridsS............ueeeeeeieiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeae
3.2.1 Impacts on market operation
3.2.2 TeChNICAI ISSUES .....coiiiiiiiiiiie ettt

Ensuring long term reliability and security of supply ....cccocvviiiiin. 47

Guaranteeing short term system reliability ........ccccoooviiiiiiiiiiiniiis 50

5.1 Wind power impacts on grid stability..........cccccccccciiiiii.

5.1.1 Transient stability.............cceeeeeiii
5.1.2 Voltage stability...........ooeeeeiiiiii
5.1.3 Frequency Stability........oooeeeeiiiii e
5.1.4 Offshore Wind StUdIES. ........c.ccoriiiriiiiiiciiiiee e

5.2 Wind power impacts on operating reserve requirements
5.2.1 Experience on increased operating reserves due to wind power ....56
5.2.2 Results from estimates of increased operating reserves due to wind



5.2.3 Dynamic reserve SettiNg.......cooeveeeeeeeieieee e 60

6. Maximizing the value of wind power in operations ..........ccccccvvivieeiiiniinnnnn. 63
6.1 Curtailment of Wind generation.............cccccccvviiiiiiiiiii 63
6.2 Wind power impacts on balancing ..........cccccccviiiii 66

6.2.1 Balancing cost estimates from integration studies ......................... 66
6.2.2 Experience on wind power impacting balancing costs of power

SV SO e a e eraaaas 67

6.2.3 Wind power participating in balancing task............cccoovviiiiiiiiiinnnnn. 68

6.2.4 Experience of imbalance costs for wind power from the markets....69

6.2.5 Cycling impacts and emissions reductions due to wind power........ 71

6.3 OPEratioNal PraCliCES .. .uuuuuuurriiiiiiiiiiiiiiiiieiee ettt aaaaaaaaaaaas 74

6.3.1 Experience in managing wind power in power system operations .. 75

6.3.2 Integrating wind power to electricity markets ...........cooeeeeeeeiiiiinennn. 78

6.4 Demand side fleXiDility ..o 80

6.5 ENEIQY SIOMAGE ... .ottt 81

6.5.1 EIECtIiCIty StOrage.......ccoveeeeeeeeee e 81

6.5.2 Hydro POWES SLOTAQE........coeeeeeeeeeee e 84

6.5.3 Heat and gas StOrage..........ooevveeeiiiei i 86

7. Pushing the limits: Integration studies for >40% shares of renewables.....88
7.1 DENMAIK ..ttt e e e e e e e 88
7.2 GEIMEANY ..ttt et e ettt e e e et e et e e e e e e e e sba e eeas 90
7.3 SWEUBN ...ttt 91
T4 USA e 93

8. CONCIUSIONS ...iiiiiiiiie ittt e s 96

REFEIENCES ... e 100

Appendix: National research plans for wind integration in 2015-2017, Task 25
collaboration

Abstract



List of acronyms

FACTS
FERC
FRT

HVDC
ISO
MAE
NWP
PSS
RMSE
TSO
TYNDP
UCED
VSC

Flexible AC Transmission Systems
Federal Energy Regulatory Commission

Fault-Ride-Through, capability of grid assets to stay connected to
the grid during short-circuit faults of short duration

High Voltage Direct Current

Independent System Operator

Mean Absolute Error

Numerical Weather Prediction

Power System Stabiliser
Root-mean-square-error

Transmission system operator

Ten year network development plan

Unit Commitment and Economic Dispatch model

Voltage Source Converter



Executive summary

This report summarises recent findings on wind integration from the 15 countries
participating in the International Energy Agency (IEA) Wind collaboration research
Task 25 from 2012-2014. Both real experiences and studies are reported. Many
wind integration studies incorporate solar energy, and most of the results discussed here
are valid for other variable renewables in addition to wind.

The national case studies address several impacts of wind power on electric
power systems. In this report, they are grouped under long-term planning issues and
short-term operational impacts. Long-term planning issues include grid planning and
capacity adequacy. Short-term operational impacts include reliability, stability, re-
serves, and maximising the value of wind in operational timescales (balancing relat-
ed issues). The first section presents the variability and uncertainty of power system-
wide wind power, and the last section presents recent wind integration studies for
higher shares of wind power. Appendix provides a summary of ongoing research in the
national projects contributing to Task 25 from 2015-2017.

Variability and uncertainty of wind power —an important input

The characteristics of variability and uncertainty in wind power are presented from
experiences of measured data from large-scale wind power production and forecast-
ing. There is a significant geographic smoothing effect in both variability and uncer-
tainty of wind power when looking at power system-wide areas. Failure to capture
this smoothing effect will affect the estimates for wind power impacts on power sys-
tems.

The smoothing effect is shown in the measured extreme variations and extreme
forecast errors, which are relatively smaller for larger areas. Variability is also lower
for shorter timescales. It has been found that there is a close to linear relationship
between variability and predictability. A lower variability of wind generation also
leads to reduced forecast errors. Regarding day-ahead and 1-hour shortest-term
forecasts, improvements up to 50% and even 80% in terms of the mean absolute
error (MAE) are expected by an aggregation of single wind power plants to a region
such as Germany. Up until now, advanced forecast systems led to MAE values of
approximately 1% of the installed capacity for 1-hour-ahead and 3% for day-ahead
forecasts Germany'’s total wind power production.




Offshore wind power will present more variability and uncertainty if a large part of
wind power generation is concentrated in a smaller area. Storm situations when
extreme ramping occurs may be particularly challenging. Power ramping in extreme
wind events can be reduced by modifying the control of the individual wind turbines
such that they continue producing at higher wind speeds, albeit at a reduced level.
This will also improve the short-term forecasts of offshore wind; these forecasts are
critical when managing extreme storm situations.

Wind power in long term planning for grid and generation adequacy

The grid reinforcement needed for wind power is very dependent on where the wind
power plants are located relative to load and existing grid infrastructure, and it is
expected that results vary from one country to another. Not many studies report the
costs of grid reinforcements caused by wind power because transmission lines in
most cases are used for multiple purposes. In previous studies, only Portugal made
the effort to allocate costs among different needs. In the combined efforts for ten-
year network development plans (TYNDP) from the European transmission system
operators (TSOs), estimates on allocation are depicted on a general level as the
share of new grid that will be needed for renewables, markets, and security. The
national results reported in recent studies also address flexibility needs mitigated
through transmission to reduce curtailments of wind power and to access flexibility
from hydropower. The large offshore wind power plants in Europe have launched
research on offshore grids. It is evident from several studies that long-term strate-
gies for offshore grids among several countries should be done in a coordinated way
to ensure optimal developments.

Wind power’s contribution to a system’s generation capacity adequacy is its ca-
pacity value. In most countries, this is not a critical question in the starting phase of
wind power deployment; however, there is already experience from conventional
power plants withdrawing from the market due to reduced operating times and full
load hours, leading to low income. This will raise the question of resource (or gener-
ation) adequacy in a power system. Wind power will provide more capacity and thus
add to the reliability of the power system; however, the benefits of added capacity
vary depending on how much wind resource is available during times of peak loads.
The capacity value of wind power decreases with an increasing share or wind power
in the system. The results summarised in this report show that most countries have
a capacity value of 20-35% of installed capacity for the first 5-10% share of wind,;
however, for a 20% share of wind in a system, the capacity value is above 20% of
the installed capacity for only one study assuming a very large interconnected sys-
tem. Aggregation benefits apply to capacity value calculations—for larger geograph-
ical areas, the capacity value will be higher. Also, a large range is shown for a same
share of wind: from 40% in situations where high wind power generation at times of
peak load prevail to 5% if regional wind power output profiles correlate negatively
with the system load profile (often low wind power generation at times of peak load).




Impacts of wind power on short-term reliability

The impact of wind power on power system dynamics is becoming increasingly
apparent with larger shares of wind power, and it will become more important to
study this aspect in wind integration studies. Wind generation, by its mere presence,
does not necessarily worsen the stability of a system, but it does change its charac-
teristics because it is increasingly connected via power electronic interfaces. Wind
power plants can offer a promising option for defence against short-term voltage and
frequency instability, and system capabilities can be enhanced through intelligent
coordination of the controllers of the power electronic converters. Recent work has
also taken into account possibilities for wind power plants to support the grid.

Results of transient stability simulations for after-fault situations for up to a 40%
share of wind energy in the system show that this is not a challenging issue. Regard-
ing voltage stability, it will be crucial to use wind power plant capabilities. Frequency
stability challenges depend on the system size, share of wind power, and applied
control strategies. With lower levels of directly connected, synchronous, large rotat-
ing machines, the inertia in the system will decrease, and there is a risk that after a
failure at a large power plant the frequency will drop to a level that is too low before
the automatic frequency control has stabilised the system. This was first studied in
smaller systems such as Ireland, but it is increasingly being studied for larger areas
that have higher shares of wind power. Frequency drops can be significant in cases
of high levels of wind and solar energy, and studies of wind power providing very
fast response to support the system are ongoing.

The impact of wind power on short-term balancing and frequency control has
been the focus of many integration studies for decades. The reserves are operated
according to total system net imbalances for generation and demand, not for each
individual source of imbalance. A large range of results show estimates of increases
in reserve requirements. The forecast horizon timescale is a crucial assumption
when determining how much reserve needs to be allocated because the uncertainty
of wind power will reduce more significantly than the uncertainty of demand at short-
er timescales:

e If only hourly variability of wind and load is taken into account when es-
timating the increase in the short-term reserve requirement, the results
for most studies are 3% of installed wind capacity or less, with wind
shares of up to 20% of gross demand.

e When 4-hour forecast errors of wind power and load are taken into ac-
count, an increase in the short-term reserve requirement of up to 10% of
installed wind capacity has been reported for wind shares of 7-20% of
gross demand.

e When day-ahead uncertainties are taken as the basis of reserve alloca-
tion, wind power will cause increases of up to 18% of installed wind
power capacity.

These increases in reserve requirement are calculated for the worst case; however,
this does not necessarily mean that new investments are required for reserve capac-
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ity. The experience so far is that wind power has not caused investments for new
reserve capacity; however, some new pumped hydro schemes are planned in the
Iberian Peninsula to manage wind shares of more than 20% in the future. New stud-
ies for higher shares of wind energy are increasingly looking at the dynamic alloca-
tion of reserves: if allocation is estimated once per day for the next day instead of
using the same reserve requirement for all days, the low-wind days will make less
requirements on the system. The time steps chosen for dispatch and market opera-
tion can also influence the quantity and type of reserve required for balancing. For
example, markets that operate at 5 minute time steps can automatically extract
balancing capability from the generators that will ramp to fulfil their schedule for the
next 5-minute period.

Maximising the value of wind power in operation

The value of wind power is maximised when there is no need to curtail any avail-
able wind power and when the impact on other power plants in the operational time-
scale is minimised.

Experiences in wind power curtailment show that curtailments do not occur in
smaller shares of 5-10% of yearly electricity consumption if there are no severe
transmission bottlenecks and wind power is dispatched first among the low marginal
cost generation. However, in some countries substantial curtailments (10-20% of
wind generation) started occurring at lower shares of wind. The mitigation efforts
regarding transmission expansion in these countries have resulted in a reduction in
curtailment rates with increasing wind power. Estimating future curtailments of wind
energy as well as mitigation options to reduce them is emerging as one key result in
integration studies. The participation of wind power generators in frequency control
(ancillary services market) will decrease the overall curtailed renewable generation
with large shares of wind power in the system because this will allow other genera-
tion to shut down and make room for more wind.

Balancing cost has traditionally been the main issue that many integration studies
try to estimate. It is becoming less of an issue in countries where experi-ences in
wind integration are accumulating. Analyses regarding integration costs evolve to-
wards comparing total system costs for different future scenarios showing both op-
erational and investment costs. In countries where wind power is out in the markets,
balancing is paid by the operators in imbalance costs. There is some recorded expe-
rience in the actual balancing of costs for power systems that have growing shares
of wind power. In Italy, costs have almost doubled; whereas in Germany, balancing
costs have actually been reduced by 50% despite a growing share of wind and solar
power because of the more profound impact of sharing balancing resources with the
balancing areas.

Increased balancing due to thermal power plant cycling has been studied in detail
to confirm that cycling costs are relatively small compared to the reduction in operat-
ing costs that can be achieved with wind and solar energy. The impact on emissions
is also very small. Wind power reduces CO2 emissions for approximate-ly 0.3-0.4
Mt/MWh when replacing mainly gas and up to 0.7 Mt/MWh when replac-ing mainly
coal-powered generation.
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Measures to enhance the balancing task with high shares of wind power include
operational practices and markets, demand-side flexibility, and storage. Electricity
markets that have cross-border trades of intraday and balancing resources and
emerging ancillary services markets are considered positive developments for future
large shares of wind power. Energy systems integration among the electricity, gas,
and heat sectors is studied for future power systems that have high shares of re-
newables. Enhancing the use of hydropower storage to balance larger systems is
another promising option. Electricity storage is seeing initial applications by system
operators in places that have limited transmission capacity. Electricity storage is still
not as cost-effective in larger power systems as other means of flexibility, but differ-
ent forms of storage have a large role in the emerging studies for systems that have
100% renewables.

Integration studies for power systems that have >40% shares of wind and solar
are pushing the limits of how much variable generation can be integrated. The re-
sults so far are promising, and the work is ongoing, with more detailed modelling
possibilities in the futuretime-scale.
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1. Introduction

The existing targets for wind power anticipate a high penetration of wind power in
many countries. It is technically possible to integrate very large amounts of wind
capacity in power systems, with the limits arising from how much can be integrat-
ed at socially and economically acceptable costs. There is already practical expe-
rience from wind integration (Figure 1) from Denmark, Portugal, Spain, and Ireland
with more than 15% penetration levels on an annual basis (in electrical energy).
Also, in several regions — including Northern Germany, the Midwest United States,
Central-Southern ltaly, Sicily, and Sardinia — penetration levels of more than 20%
give insights of how to cope with higher shares of wind power. In several coun-
tries, mainly Germany, ltaly and Greece, there is considerable share of solar en-
ergy on top of wind energy to make the variable generation challenge higher than
depicted in Figure 1.

Wind power production introduces additional variability and uncertainty into the
operation of the power system, over and above that which is contributed by load
and other generation technologies. To meet this challenge, there is a need for
more flexibility in the power system. The increased need for flexibility required
depends on how much wind power is embedded in the system as well as how
much flexibility already exists in the power system.

Because system impact studies are often the first steps taken towards defining
feasible wind penetration targets within each country or power system control
area, it is important that commonly accepted standard methodologies related to
these issues are applied. The circumstances in each country, state, or power
system are unique with regard to wind integration. Numerous reports have been
published in many countries investigating the power system impacts of wind gen-
eration. The results on the technical constraints and costs of wind integration
differ, and comparisons are difficult to make due to different methodologies, data
and tools used, as well as terminology and metrics in representing the results.
Estimating the cost of impacts has proved to be a challenging task as the compar-
ison to a base case will impact the results and is not straightforward to make in a
fair and transparent way. Some efforts on compiling results have been made by
DeMeo et al. (2005), Smith et al. (2007), UKERC (2006), Ackermann & Kuwahata
(2011) and O’Malley et al. in IPCC (2011). Due to a lack of detailed information on
the methodologies used, a direct comparison can only be made with few results.
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An effort for more in-depth review of the studies was made under this international
collaboration in the state-of-the-art report (Holttinen et al., 2007) and summary
reports (Holttinen et al., 2009; Holttinen et al., 2013), of which this report is an
update with more recent results.

0
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Figure 1. This map highlights wind generation share of total electricity consump-
tion in 2014 in European countries that have reached a 4% share. In the European
Union (EU), wind share exceeded 9% in 2014; in the United States and Australia,

wind share is 4%; and in China, it is 2% (source for wind shares: IEA WIND,
2015).
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Table 1. Wind and power system statistics, year 2014. Source: IEA WIND, 2015;
IEEE P&E magazine in Nov/Dec Issue with data from Energinet.dk, BNetzA, Ger-
man TSOs, REE, EirGrid, EdF, Terna. Hydro-Quebec Annual Report 2015, web
site and Energy Supply Plan. European countries Export capacity as maximum
hourly day-ahead NTC value available for all interconnections, hourly data availa-
ble from https://transparency.entsoe.eu/content/static _content/Static%
20content/legacy%20data/leqgacy%20data2014.html

Load Export Wind power end | Wind share
capacity 2014
Peak Min (MW) TWh/a MW MW TWh/a | % of gross | % of | % of min
(MW) demand peak load +
load export
capacity

Québec 38743 14500 184 7974 2857 6.8 3.7% 7.4% 12.7%
Denmark 6 400 3000 33.5 6790 4 855 13.1 39.1% 75.9% 52.1%
Finland 14 000 6000 83 5000 627 11 1.3% 4.5% 6.7%
Germany 82 500 41 000 539.3 33 800 40 456 56 10.4% 49.0% 78.2%
Ireland 6500 2500 26.6 1000 2230 5.1 19.2% 34.3% 68.6%
Italy 51 550 18740 3105 2715 8 700 15.2 4.9% 16.9% 40.5%
Japan 191000 90000 965.2 0 2788 5.1 0.5% 1.5% 3.1%
NL 25200 9000 120.9 7350 2753 5.8 4.8% 10.9% 18.8%
Norway 24000 8000 127 6083 856 2.2 1.7% 3.6% 6.5%
Portugal 8800 4560 50.3 3000 4953 12.1 24.1% 56.3% 65.5%
Spain 43 450 15300 2435 4100 22 845 50.7 20.8% 52.6% 118.4%
Sweden 26000 13000 145 9165 5425 11.6 8.0% 20.9% 23.9%
GB 50930 18060 290.1 4000 12 808 31.6 10.9% 25.1% 58.6%
ERCOT/US 66464 24083 340 856 11 601 36.1 10.6% 17.5 46.5%
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Figure 2. Wind share in the studied countries and areas, measured in three ways:
wind generation as share of electricity consumed (% of gross demand), wind ca-
pacity as share of peak load capacity and wind capacity as share of minimum load
plus export capacity (European countries as maximum hourly day-ahead NTC
value available for all interconnections).

The national case studies address different impacts: balancing the power system
on different operational time scales; grid congestion, reinforcement, and stability;
and power adequacy. Reasons underlying the wide range for wind integration
impacts include definitions for wind share in the system, operational reserve types,
and costs; different power system and load characteristics and operational rules;
assumptions on the variability of wind, generation mix, fuel costs, and the size of
balancing area; and assumptions on the available interconnection capacity.

In many studies, estimates for integration costs are presented. Integration cost
can be divided into different components arising from the increase in the opera-
tional balancing cost and grid expansion cost. The value of the capacity value of
wind power can also be stated. In most case studies, a comparison with other
alternatives to wind has not been studied. When estimating the costs, allocation of
system costs like new grid or reserve capacity to wind power can differ. It is chal-
lenging to allocate system costs for a single technology because the system ser-
vices are there for all grid users, and integration cost is not observable. This inabil-
ity to observe integration cost has resulted in multiple indirect methods for estimat-
ing it. In the case of an increased balancing requirement, it is important to note
whether a market cost has been estimated or whether the results refer to technical
cost for the power system. There is also benefit to adding wind power to power
systems: it reduces the total operating costs and emissions as wind displaces
fossil fuel use. When considering the question of integration costs, it is also im-
portant to keep in mind that all generation sources, including nuclear and fossil
plants, have costs associated with managing them on the grid.
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The case study results are summarised in four sections: first, Section 2 pro-
vides updated information on the variability and uncertainty of large-scale wind
power, from reported experience. Sections 3 and 4 address the long term planning
issues with wind power: grid planning and capacity adequacy. Sections 5 and 6
address the operational impacts: short term reliability (stability and reserves) and
maximising the value in operational time-scales (balancing related issues). Section
7 summarises recent wind integration studies for higher shares of wind power and
Section 8 concludes. Appendix provides a summary of on-going research in the
national projects contributing to Task 25.

17



2. The inputs: variability and uncertainty of
power system wide wind power

This chapter covers variability and predictability of wind power, from wind power
generation and forecast data. Data for aggregated wind power covering larger,
system and balancing area wide regions is important as an input to integration
studies. Variability in wind power generation causes changes to the operation of
conventional generation fleet, increasing ramping and starts/stops. Uncertainty
leads to changes in shorter time scales (i.e., ramping) and can necessitate chang-
es in operational conventions, such as reserve and market structures to enable
shorter response time from the conventional generation fleet.

As will be more elaborated in following sections, wind is only one source of var-
iability and uncertainty in the electric system. Electric demand, unscheduled
equipment unavailability, run-of-river hydro or PV generation will add their share to
the total aggregated variability in the power system. An operator must react to the
net system variability and uncertainty and simply adding individually established
impacts lends unneeded levels of reserves and overall inefficient management of
the electric system. This is even more important to address when these sources
are correlated, such as, for example, weather and environment dependant electric
load and wind power.

There is a significant smoothing effect in both variability and uncertainty of wind
power when looking at power system wide areas. Inability to capture this smooth-
ing effect will impact the estimates for wind impacts on power systems. The uncer-
tainty of future wind power production will further be reduced as more accurate
forecasting methods are developed and operational practices evolve towards
faster decisions with better forecast accuracy.

2.1 Variability

Variability of wind power decreases as the geographical dispersion of wind power
capacity increases. Less variable wind power is easier to integrate. It is therefore
important to capture the variability correctly in wind power integration studies. This
section summarises recent findings on the variability and extreme ramps that large
scale wind power may experience.
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211 Caveats in measured and modelled data

In wind integration studies variability for a future wind power plant aggregation
needs to be estimated. In many places realised wind power generation time series
already exist that can be used as basis of the future estimated wind power produc-
tion time series. Realised wind power data can be biased, since in future hub
heights and the ratio between energy harvesting area and nameplate capacity can
change affecting also variability. Also the dispersion can change considerably with
new turbines. Often one example year is used, but individual years may not cover
all critical weather situations.

If measured data is not available or is of limited quality, weather model generat-
ed data can also be used. This data may have biases due to model errors and due
to assumptions needed for the conversion from wind speed to wind power. In
general there is a much higher correlation between single sites based on the same
weather analysis data as observed by real wind power plant measurements.
Overestimating the correlation means underestimating the smoothing impact.

Numerical weather prediction modelling tools recreate the weather for any time
and space, allowing a physically-consistent data set to accurately represent the
smoothing that results from geographic dispersion (EWITS, 2010; NREL 2010).
There can be anomalies discovered in that data set and analysis should be done
to check the quality of the data and correct if necessary. For example, in WWSIS
Phase 1 in the US, every 3 days there was a temporal seam in the simulated wind
power data set that was created when the model was re-initialized with actual
observational data. This created spikes in variability that are not representative of
reality (EWITS, 2010). In Phase 2 of this study (Lew et al., 2013a), statistical
methods were applied to bring the variability at these seams in line with what is
expected. Figure 3 shows the average profile of the uncorrected data with the
spike that occurs at the end of the 3-day period, and corrected data set that does
not show the effect of the temporal seam at the end of 3 days (Lew et al., 2013a).
These anomalies were not found in the US EWITS study (EWITS, 2010), and all
subsequent work on this type of data sets at NREL have corrected this issue.
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Figure 3. Example of potential errors in model data for wind power variability from
West US. Original data with variability spike every 3 days (above) and corrected
data without the artificially high variability (below). (Source: WWSIS Phase 2; see
Lew et al., 2013a.)

2.1.2  Variability and smoothing impact of wind power covering large
areas

An overview about the smoothing effect by comparing the measured time series of

a single wind power plant, of a group of wind power plants and of the wind power
production of complete Germany is shown in Figure 4.
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Feed-in of wind power in 2030
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Figure 4. lllustration of the smoothing effect — large scale wind power production
from a country, group of countries and Europe wide (upper graph), will see much
less short term variability (hourly ramps, graph below). (Source: Fraunhofer IWES,
2015.) One pixel is equivalent to an area of 2.8 x 2.8 km. PLEF = Pentalateral
Energy Forum (Benelux, Germany and France).

In Task 25 collaboration, real measured wind power production data was collected
from countries that already had tens of separate wind power generation sites
(Kiviluoma et al., 2015). There was a clear trend in decreasing variability when
looking at larger areas (as function of mean distance between installed wind pow-
er megawatts, Figure 5). The variability did not markedly decrease with increasing
number of sites. There was also a correlation of more variability from higher wind
resource sites and years (with variability and capacity factor, Figure 6). Figure 7
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displays hourly wind power ramp distributions as function of the level of output.
The size of area correlates to larger variability.
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Figure 5. Variability index versus the mean distance to the capacity weighted
geographical centre of wind the analysed wind power fleet. As dispersion grows,

variability decreases. (Source: Kiviluoma et al., 2015.)
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Figure 6. Variability index versus the capacity factor of wind power. (Source: Ki-
viluoma et al., 2015.)
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Figure 7. High ramps occur at the middle range of output level turbines, frequency
of 60-minute wind ramps as a function of the output level at the start of the ramp.
The data is binned according to the wind power output level (y-axis) and the wind
power ramp (x-axis). (Source: Kiviluoma et al., 2015.)

2.1.3  Wind and solar variability

Wind variability is often considered in the context of other sources of variability
that can be found on the power system. The Western Wind and Solar Integration
study Phase 2 in US found that variability was dominated by solar energy, where-
as uncertainty was dominated by wind power (Lew et al., 2013a).

In Portugal dynamic modelling of a hybrid wind-PV power plant assessed po-
tential to smooth out power fluctuations. For this specific plant, installing PV over-
capacity instead of more wind, does not significantly increase the maximum power
fluctuations in any of the time-scales studied (30 minutes, 1 and 4 hours) (Ro-
drigues & Estanqueiro, 2011).
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Figure 8. One hour step changes for: a wind power plant (blue) and for the same
wind power plant with added wind (red) and PV (green) overcapacity. The addi-
tional installation of PV impact mainly fluctuations smaller than 10% of the in-
stalled capacity. (Rodrigues, 2012.)

2.14  Extreme ramps from wind power production

The maximum variations recorded from measured wind power production data
from countries in different time-scales are presented in Table 2.
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Table 2. Extreme variations of large-scale regional wind power, as a percent of
installed capacity. Denmark, Portugal, Germany and Sweden data 2010-2011
from TSOs web pages (http://www.energinet.dk). Ireland 2011 data from EirGrid.
Italy (Sicily island) data 2010-2011 from Terna, Finland data 2005-2011 from
VTT. USA data 2007-2011 from NREL. The BPA data are mostly from sites inside
an area of 60 x 60 km?. China data from State Grid Corporation of China. Quebec
data from Hydro Quebec. Spanish data from the Universidad de Castilla-La Man-
cha.

10-15 minutes 1 hour 4 hours 12 hours

Region Region Number max max max max max max max max
size of sites{decrease| increase | decrease increase decrease increase decrease increase

ltaly (Sicily island) 25.7%1 >48 -49% +46% -50% +49% -58% +47% -67% +68%
km

ES_2009_2011_10 800x900 14-16 | -7% 10% -10% 10% -26% 29% -39% 39%
km2

DE_2010_2012_15 400x400 >100 | -11% 12% -10% 11% -33% 34% -53% 64%
km2

PT_2008_2012_15 300x800 >100 | -16% 11% -15% 19% -47% 57% -72% 70%
km2

ERCOT_2008_2011_5 490x490 25-55| -25% 25% -41% 39% -54% 61% -77% 70%
km2

BPA_2007_2014 5 300x200 8-37 | -32% 31% -38% 50% -71% 86% -89% 93%
km2

HQ_2012_60 300x500 -20% 29% -40% 68% -78% 80%
km2

IE_2003_2011 280x480  >50 -27% 28% -67% 69% -86% 84%
km2

FI_2005_2012_60 400x900 30 -22% 24% -52% 44% -70% 78%
km2

DK_2009_2011_60 300x300 >100 -20% 21% -47% 56% -88% 96%
km2

SE_2007_2013_60 400x900 >100 -13% 13% -35% 41% -60% 64%
km2

NO_2007_2013_60 1200x300 9-20 -42% 64% -61% 63% -81% 80%
km2

DE+Nordic_2010_2011_60 2300x1100 >100 -6% 8% -19% 23% -30% 47%
km2

Liaoning_2011_60 530x370 -31% 29% -46% 50% -65% 2%
km2

Jilin_2011_60 650x300 -34% 34% -66% 56% -69% 73%
km2

Gansu_2011_60 1655x530 -43% 51% -65% 2% -72% 74%
km2

Storm events can result in extreme variation from wind power when wind speeds
are high enough to require wind turbines to shut down from full power (to protect
the wind turbine). These events are quite rare and usually occur once in 1-3
years, depending on location. Extreme ramp rates recorded during storms are as
follows:
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Denmark: The storm with the largest impact on the power system oc-
curred on 28 October 2013. In the afternoon the wind speed exceeded
by far the cut out wind speeds and the wind generation dropped from
3500 MW (installed wind capacity 3900 MW on land and 870 MW off-
shore) to about 1300 MW during 1 hour in the afternoon (2200 MW/h,
46% of capacity). For land based capacity the maximum ramp was
1380 MW/hour (35% of capacity). The largest observed downward
ramp of wind was observed to about 200 MW (4%) in 5 minutes (for
land based wind power -140 MW, 4%). When the storm had passed
the wind turbines came back in operation later in the afternoon, where
largest ramp for one hour was an increase with 1000 MW (21%) from
1100 MW to 2100 MW (for land-based 860 MW/hour, 22% of capacity,
from 1350 MW to 2210 MW). The largest observed 5 min ramp was
about 170 MW (4%) in 5 minutes (for land based 100 MW, 3% of ca-
pacity) (Energinet.dk, 2015).

Germany: The time series of the German wide wind power production
from 01/2012 to 04/2015 has been analyzed with respect to ramps and
forecast errors. The installed capacity increased from 28575 MW in
01/2012 to 38104 MW in 04/2015. Storm events caused 60% of the 50
highest positive and negative ramps and forecast errors. The largest
ramps were 5% of capacity downwards and 6% upwards in15 minutes,
+12% of capacity in an hour, and 45% downwards and 38% upwards
in 5 hours.

Portugal: There were several storm cases in winter 2009/10 when high
ramps occurred: Nov 15th 2009 saw first 2.42 GW up ramp during 5.5
hours (72% of installed wind capacity) and then, two grid faults due to
the storm in which more than 1.3 GW was lost and recovered in less
than 15 minutes (about 52% of the wind generation). Jan 12th 2010 a
ramp about 1 GW with one hour down 1.5 hours up (max ramp rate of
374 MW/15 min). Feb 23rd 2010 a ramp-down rate of 442 MW/15 min,
after which the initial wind production level was recovered in one hour.
In the recent years, the storm with the largest influence on the power
system occurred on 18/19 January 2014 with an increase of 2.1 GW in
4 hours (45% of installed wind capacity) of the wind power production.
March 28th 2013 had two highest ramp-up events observed during 15
min since 2012: 344 MW and 316 MW, respectively. The highest
ramp-down event during 15 min occurred on Jan 9th 2013: 286 MW.
No technical problems were reported by the Portuguese TSO during
these wind power ramp events.

Spain: examples of large ramp rates recorded during last years include
a 3160 MW (14%) increase in 50 minutes (with a ramp rate of 3792
MWr/h), and a 2874 MW (13%) decrease in 50 minutes (with a ramp
rate of -3448 MW/h). In 2014 the minimum production was 139 MW
and the maximum production reached 16729 MW (7—75% of installed).
The most severe storm incident has been the extra-tropical, mid-
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latitude cyclone Klaus on January 23-25, 2009, resulting in the dis-
connection of many wind power plants in northern areas of Spain,
leading to a reduction of approximately 7000 MW of wind power in ap-
proximately 7 hours (less than 50% of installed capacity). (Source:
REEY).

e Quebec: A large ramp rate was recorded in December 2011 with 600
MW in 5 hours (65% of capacity) or 14% per hour.

e ltaly: In Sicily island (1391 MW wind in 2010 and 1750 MW in 2013) a
maximum decrease of 1168 MW (approximately 67% of installed wind
capacity) in 12 hours on March 1st 2013, and a maximum increase of
1189 MW (approximately 68% of installed wind capacity) in 12 hours
on February 10, 2012 (Source: Terna?).

Because large storm fronts take 4—6 hours to pass over several hundred kilome-
tres, aggregation of wind capacity turns the sudden interruption of power into a
multi-hour downward ramp.

Regarding offshore wind power, the ramps can be higher and occur in less
time, 24% of offshore wind capacity in 40-55 minutes in Denmark have been
recorded (Cutululis et al., 2011; Cutululis et al., 2013a). However, after a new
controller for extreme wind speed has been installed, the extreme ramp events
have been significantly reduced. Modifying the control of the individual wind tur-
bines such that they continue producing at higher wind speeds, albeit at a reduced
level, can significantly reduce the power ramping in extreme wind events and,
indirectly, greatly improve the short-term forecasts of wind power, which are criti-
cal in managing these situations (Cutululis et al., 2013b). In Figure 9, the recorded
power production from Horns Rev 2 wind power plant in Denmark is presented.
This event occurred after the storm controller was replaced with a more advanced
one (HWRT), which kept wind turbines producing power at higher wind speeds.
The improved operation is shown by comparison with the power expected with the
previous storm controller (HWSD). This also resulted in a significantly improved
wind power forecast (Cutululis et al., 2013a). Other mitigation options for power
system impacts of storms is requiring large wind power plants to operate at partial
loads during storm events to prevent large ramps. The impact can also be reduced
by changing the controls to prevent all turbines from shutting down during the
same minute.

! REE direct communication
2 Terna direct communication
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Figure 9. Wind power production during January 30th, 2013 event; Horns Rev 2
wind power plant, Denmark.

Short-term forecasts of wind power are critical in managing storm situations. Fig-
ure 10 shows as example the wind power production in Germany during the storm
event Kyrill in January 2007. It is difficult to determine whether the observed de-
crease in power is completely based on storm cut-offs of wind turbines and wind
power plants. Regarding large grid areas it is probably a mixture of storm cut-offs
and damages on the transmission grid like collapses of power poles leading to
disconnections of several wind power plants and therefore to an decrease of the
observed power.
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Wind power forecasts during the storm event "Kyrill"
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Figure 10. German wide wind power production and respective forecasts during
the storm event Kyrill in January 2007.

2.2 Forecast accuracy of system wide wind power

Wind forecast accuracy improves for shorter time horizons, and for aggregated
wind power plants. Figure 11 shows the final forecast accuracy in terms of the
RMSE (root-mean-square-error) depending on the forecast horizon for different
aggregation levels (Dobschinski, 2014). The results have been averaged over
several wind power plants, wind power plant portfolios and over 20 different
weather forecasts. A single wind power plant shows in average a 1h-RMSE of
about 6%. An aggregation to Germany would lead to an improvement of about
80% that is about 1.2% in RMSE. Regarding day-ahead forecasts improvements
up to 50% are expected by an aggregation of single wind power plants to Germa-
ny. A former analysis has shown that approximately 10-12 wind power plants
spatially distributed over Germany are enough to achieve a representative fore-
cast quality similar for all of Germany (Sensful} et al., 2011).
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Figure 11. Forecast accuracy depending on the forecast horizon (as root-mean-
square-error RMSE in percent of the installed wind power capacity). The lines
present different aggregation levels ranging from single wind power plants (blue)
up to complete Germany (green). The forecast accuracy has been averaged over
several relevant wind power plants, wind power plant portfolios and over all 20
different weather forecasts.

The forecast accuracy further improves when aggregating several countries. For
Nordic countries the average error is already quite small for the countries Den-
mark and Sweden that already have hundreds of sites (mean absolute error 4%
and 5% and RMSE 5% and 6%, respectively), and aggregating all four countries
bring the average error down to 3% (MAE) and 4% (RMSE). However, there is
significant smoothing impact on the large errors (Figure 12) (Miettinen et al.,
2014).
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Figure 12. Forecast errors are generally higher when wind power is producing at
mid-level of its installed capacity. The higher errors smooth out when aggregating
larger area. Day-ahead forecast errors relative to installed capacity in Denmark
(left) and Nordic countries (right). Source: Miettinen et al., 2014.
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